Abstract: Powerful simulation tools for natural gas networks are essential for operators of networks. In this paper is an extension of the node potential analysis algorithm presented. By the new development the algorithm has been extended for the simulation of real gas behavior. The approach to the development has been the evaluation of analogies between electrical circuits and gas networks and the adaptation to flow dynamics. Specific characteristics of gas flow and the requirements out of it are illustrated. The major part in the publication is the extension of the algorithm for the simulation of real gas. In the last chapter the performance of the new algorithm has been investigated by simulations on a network example and a benchmark test has been presented.
1. INTRODUCTION A reliable energy supply for industry and households is for every country a matter of importance. The energy supply has to be cost efficient, reliable and environment-friendly. In the recent decade the ecological aspect has got a growing importance. Under these aspects natural gas has grown to an important energy source with a share of about 25 % of the overall energy consumption worldwide. It is expected that the importance of natural gas will be growing in the next future. Natural gas can be delivered as liquefied natural gas (LNG) or by pipeline systems. Germany is supplied by natural gas form Siberia in Russia or the North Sea. The gas transport is carried out by pipeline systems with up to transcontinental dimensions and under participation of many countries. This complicates the gas grid management tremendously. It makes extended requirements of stability and abilities to short term gas storage necessary. In order to cope with this present development, efficient network simulation tools will be needed. The most currently used algorithms in simulation tools e.g. Hardy-Cross, Mc Ilroy [Eberhard] do not satisfy the extended new requirements on modern network simulation, because they are not originally developed for these applications. In this paper, a new developed simulation algorithm based on the node potential analysis is presented [Rüdiger] . The pursued approach is to evaluate analogies between electrical circuits and gas networks and to adapt them to flow dynamics. The nonlinearities in the gas flow equations make iterative algorithm necessary. In the first stage of development the algorithm processes only ideal gas. Therefore the algorithm has been extended to simulation of real gas behaviour for application in the real world. This extension of the algorithm is the main focus of this publication. In the last chapter the performance of the new algorithm has been investigated. This has been done by simulations on a network example and evaluations of the performance.
THE BASICS OF FLUID DYNAMICS
This chapter gives a glance at the basics of fluid dynamic to understand the algorithm explained in the next chapter. The continuity equation (1) describes the conservation of mass in a flow:
In a stationary flow (1) can be simplified to:
Equation (2) 
This equation only applies in a flow without friction. However, in a real flow, the friction has to be considered as it causes pressure loss.
The pressure loss p ∆ is the main objective of the gas net simulation. In a pipe it is determined by the Darcy Equation (5):
Parameter λ in (5) is the resistance coefficient. The accurate determination of it is a major issue in fluid dynamic. The parameter λ depends on the kind of flow as well as the geometrical dimensions of the pipe. Generally, for the determination of λ has to be distinguished between laminar and turbulent flow. The model equations (6)-(11) in Table 1 , describe the different states of flow. All equations in Table 1 Between the laminar and complete turbulent flow (marked by the limit curve) is the transition zone. In this area has the fluid flow not completely changed to turbulence, because there is no abrupt transition between it. A characteristic to specify the present state of fluid flow and consequential the appropriate model equation out of (6) - (11) is the Reynold's number Re: 
THE POTENTIAL ANALYSIS SIMULATION ALGORITHM
The approach to develop an algorithm for gas network simulation was to investigate the electrical network simulation algorithms. As a result of this investigation the node potential algorithm is used as basic for the new developed gas network algorithm. In the first subsection the node potential algorithm in electrical engineering is briefly explained. The analogy and the differences to fluid dynamics and the implementation of the algorithm are explained in the subsequent chapters.
The node potential analysis in electrical engineering
The requirement to every network calculation algorithm is to set up a system of independent equations for the demanded variables. In the node analysis a reference node with a fixed electrical potential is defined. Based on this the node potential voltages to every other node of the network are determined:
by the reference potential
By these node potentials (n-1) node equations can be set up. The currents in the node equation are the currents of the input sources and the currents caused by the potential difference between the several nodes connected by conductances. These equations can be expressed as a vector equation (15):
( 1 5 The elements of G can easily be determined from the conductances g of the network according to the scheme:
By resolving the node equation (15) the vector of the node potentials can be achieved. Finally, the demanded currents and voltages in the branches of the network can be calculated by the obtained node potentials. This algorithm can be extended for all kinds of input sources, i.e. ideal or real voltage-and current sources [6] . This is with focus on gas net simulation a very important issue.
Analogies and differences between electrical engineering and flow dynamics
The development of the algorithm is based on the analogy to electrical engineering. Thereby following analogies for the pressure loss and the flow rate are used: electrical engineering flow dynamics
The pressure loss is determined by the Darcy Equation (5) and corresponds to the Ohm's law:
In the equations above a major difference has been revealed. In Ohm's law the voltage drop has a linear dependence from the current. In opposition to that, the pressure loss in a pipe shows a nonlinear, quadratic dependence on the flow:
This first kind of nonlinearity is the main challenge for the development of the algorithm, explained in the next subsection. The second nonlinearity appears in the resistance:
The resistance coefficient λ in (21) is also a nonlinear dependency, as explained in section 2. It has to be determined by numerical methods.
Derivation of the node potential algorithm in flow dynamics
The assumption for the application of the node analysis of electrical engineering is linear behaviour. The challenge for the derivation of the algorithm in flow dynamics is to find a way to resolve the 2 V . The basic approach is to split 2 V in (5) and allocate one V to the resistance R .
Thus the equation of flow dynamics has been changed in an equivalent form of Ohm's law in electrical engineering. The consequence however is the dependency of the resistance R from the flow. In the iteration this is the flow 1 − t V from the preceding iteration step. So it can be formulated the iteration rule for the algorithm:
By this iteration rule the node potential algorithm for gas networks can be developed. First the conductance g for the separate branches of the network is needed. It is the reciprocal of the resistance R . 
These iterations have to be done until the iteration limit is fulfilled. A setup of the initial values at the beginning of simulation is necessary. Further simulation for it has been published in [8] .
THE EXTENSION OF THE NODE POTENTIAL ALGORITHM FOR REAL GAS BEHAVIOUR Ideal gas can be characterized by the following features:
• molecules of the gas can be considered as point masses • no interactions between the molecules • only elastic collisions occurs between molecules
The behaviour of ideal gas can be described by ideal gas law:
When the gas has not got the above mentioned characteristics it is called real gas. In technical application, i.e. gas network simulation, in most cases real gas is present. For this reason the node potential simulation algorithm has been extended for the simulation of real gases. This can be considered as a milestone in the development of the gas simulation algorithm and brings the results of the simulation closer to the real world.
Methods of modelling real gas behaviour
In physics or chemistry is the Van-der-Waalsche gas law very common. It extends the ideal gas law by correction terms:
The coefficients b a, have to be measured in labs for every kind of gas and all temperature and pressure conditions. The issue is that natural gas is a blend of different hydrocarbon gases. The mixture of it is changing at different gas sources in the world. Also at the same source the mixture is changing by the time. The coefficients had to be new determined for all new conditions. This effort is in engineering application not useable. For this reasons the gas law has been extended by the real gas coefficient Z .
The real gas coefficient Z depends on the temperature and the pressure.
The determination of Z can be done by the virial equation or also by lab experiments. For the practical use of the simulation algorithm the determination by the virial equation has been applied.
The use of the virial equation in the simulation algorithm
The virial equation enables the calculation of Z in a range of changing gas mixture under changing temperature and pressure conditions. An important advantage is the possibility of online determination of Z whilst process operating. The virial equations are series expansions in power of m ρ .
depend on the forces between the molecules of the gas. They can be determined by extensive iteration methods. There are different iteration methods applied. In the developed algorithm the GERG-88-Method has been used. It is a commonly used method in Europe and complies with the regulations in the European Community. In the following part of the subsection shall be given a short overview about the use of virial equation to calculate Z .
Input and preprocessing of the input values
The input measurements of the process are:
• amount of substance of carbon dioxide and
The values can be measured quite easily in the process. They need to be preprocessed to bring them in the correct dimensions. 
Iterative calculation of intermediate values
Equation (35) includes some sub virial coefficients which have to be determined by further equations. This shall be explained at coefficient 11
B is obtained out of (36).
This equation includes also the influence of the temperature T in the real gas coefficient Z . 
Extensions of the node potential algorithm
The consideration of real gas behaviour makes some changes in the node potential algorithm necessary. The permanent pressure loss by the conduction of the gas in the pipeline causes also a persistent change of volume. The consequence is a permanent change of velocity, illustrated in [Cerbe] , [Eberhard] . For this reasons it is also called expansive conduction. The real gas behaviour is expressed by the compressibility factor K . It is the ratio of the real gas factor Z referred to the real gas factor by standard reference conditions.
The Darcy Equation (19) in the node potential algorithm has to be extended to real gas behaviour by (39):
The volume flow V , pressure p and the compressibility factor K are mean values in (39).
SIMULATION RESULTS
The simulations shall investigate the difference between ideal and real gas in the gas net calculation. The gas net used for simulation is an example taken from [Cerbe] .The input pressure in the first simulation is 30 mbar. This is the pressure used in supply nets of cities. For illustrating the need of real gas simulation node number 13 and the connection 7-13 have been picked up. These are the node and the connection which have the greatest distance to the input node number 1. The results can be seen in Table 2 . The second simulation has been done with an input pressure of 120 bar in the same network. This is the common pressure for transport pipeline systems over far distances. The other parameters are retained from the first simulation. The simulation demonstrates impressive that modelling of real gas is absolutely necessary to achieve correct results. Especially in networks with lower pressures is the difference between real gas and ideal gas significant. The third simulation is a benchmark test of the algorithm. The processing time versus the number of nodes has been investigated (Fig. 3) . By the benchmark test can be seen that by increasing numbers of nodes there is no exponential growth of processing time. This is the proof that also simulations with extensive networks can be done by the algorithm.
As in the introduction mentioned the Hardy-Cross algorithm is a widely-used algorithm. In the final simulation are the Hardy-Cross algorithm and the node potential algorithm compared (Fig. 4) . It can be seen in Fig.4 that the potential algorithm for networks with more then 15 nodes need less iterations than the Hardy-Cross algorithm. 6. CONCLUSIONS In this paper the basics of the new developed node potential algorithm and real gas modelling have been explained. As an important milestone the node potential algorithm has been extended for simulation of real gases. The simulation has confirmed that the use of real gas simulation is absolutely necessary to get correct simulation results. In the benchmark test the performance of the node potential analysis has been investigated. The performance is in comparison with the Hardy-Cross algorithm better. The new developed algorithm has proofed to be a powerful simulation tool for the use in simulation of natural gas networks. Future work could be focused on modelling underground gas storage. 
